We observed two faint tidal dwarf galaxies (TDGs), NGC 5291 N and NGC 5291 S with the Infrared Spectrograph on the Spitzer Space Telescope. We detect strong polycyclic aromatic hydrocarbon (PAH) emission at 6. 2, 7.7, 8.6, 11.3, 12.6 and 16.5 µm, which match models of groups of ∼ 100 carbon atoms with an equal mixture of neutral and ionized PAHs. The TDGs have a dominant warm ∼ 140 K dust component in marked contrast to the cooler, 40 − 60 K dust found in starburst galaxies. For the first time we detect the low-J rotational lines from molecular hydrogen. Adopting LTE there is ∼ 10 5 M ⊙ of ∼ 400 K gas, which is < 0.1 % of the cold gas mass inferred from 12 CO (1-0) measurements. The combination of one-third solar metallicity with a recent, < 5 million year, epsiode of star formation is reflected in the S and Ne ratios. The excitation is higher than typical values for starburst galaxies and similar to that found in BCDs. Using the Infared Array Camera we identify an additional 13 PAH-rich candidate TDGs. These sources occupy a distinct region of IRAC color space with [3.6] − [4.5] < 0.4 and [4.5] − [8.0] > 3.2. Their disturbed morphologies suggest past merger events between companions, for example, NGC 5291 S has a projected 11 kpc tail. NGC 5291 N and S have stellar masses of (1.5 and 3.0) × 10 8 M ⊙ , which is comparable to BCDs, though still roughly 10% of the LMC's stellar mass. The candidate TDGs are an order of magnitude less massive. This system appears to be a remarkable TDG nursery.
INTRODUCTION
In addition to triggering starbursts and active galactic nuclei, mergers of dusty, gas rich disk galaxies frequently lead to the formation of tidal tails stretching 100 kpc from the site of the collision (Toomre & Toomre 1972; Schweizer 1978; Sanders & Mirabel 1996) . These structures tend to be HI rich with blue optical colors, reflecting both their origin in the outer spiral disk and on-going star formation (van der Hulst 1979; Schombert Wallin & Struck-Marcell 1990 , Mirabel, Lutz & Mazza 1991 Hibbard & van Gorkom 1996) . Zwicky (1956) proposed that dwarf galaxies might form out of self-gravitating clumps within tidal tails, and indeed, concentrations of gas and star forming regions, with dwarf galaxy size HI masses and optical luminosities, are commonly found. Computer simulations of merging galaxies typically give timescales of ∼ 10 8 years for the formation of condensations at the tips of the ∼ 100 kpc tails, indicating that any young stellar population has been formed in-situ and has not simply been stripped from the host galaxy disk.
The cataloging of Tidal Dwarf Galaxies (TDGs) is still in its infancy. Kinematic observations alleviate potential contamination from foreground and background objects. However projection effects can give the appearance of a bound object to unbound condensations in the debris left over from galaxy interactions. A bona fide TDG should be self-gravitating, rotating, long-lived and tidal in origin. Tidal origin and longevity can only be inferred from comparison of the source morphology and kinematics with simulations. It is often impossible to fully disentangle tidal effects from other dynamical effects such as ram pressure stripping. Whether or not most candidate 1 Astronomy Department, Cornell University, Ithaca, NY 14853 TDGs are subject to tidal disruption and re-absorption by the merger remnant on ∼Gyr timescales is still an open question (e.g., Hibbard & Mihos 1995; Elmegreen, Kaufman & Thomasson 1993) . The formation of both TDGs and transient unbound star-forming regions will enrich the outer regions of the inter-galaxy medium.
The study of dwarf irregular proto/young galaxies formed either via tidal interactions between the parent galaxies or from ram-sweeping of debris material, and collectively called TDGs, may be an important part of galaxy formation and evolution. TDGs located at the tips of optically faint but HI rich tails represent new star forming systems largely free of pre-existing stellar populations, and represent useful templates of star formation in the early universe, albeit with higher metallicity (Duc & Mirabel 1998, hereafter, DM98) . More importantly, dwarf galaxies are by far the most common galaxy type in the current epoch, accounting for 38 out of 41 galaxies in the Local Group alone (Mateo 1998) . Work by Hunsberger et al. (1996) suggests that TDGs may make up at least 1/3 and possibly 1/2 of the dwarf galaxy population in compact groups i.e., a potentially significant galaxy formation mechanism in the current epoch. One problem with this scenario is dark matter. Like massive spirals, dwarf galaxies appear to be dominated by dark matter. If dark matter is non-baryonic it is hard to form a halo around a dwarf galaxy that has been formed via tidal interaction. If the dark matter is baryonic i.e., cold molecular gas (Pfenniger, Combes & Martinet 1994) then the TDG/dwarf association remains a valid possibility. Both the nature of dark matter and whether the dynamical masses of TDGs infers its presence are still open questions.
Studies of TDG properties may help us better understand the dwarf galaxy population as a whole, such as what fraction are truly primordial building blocks of massive galaxies left over from the epoch of galaxy formation, and what fraction may be TDGs from high and intermediate red-shifts. This is especially relevant as the merger rate was likely much higher at z > 1 than it is today. To date the TDG sample is still too small to statistically assess the importance of this population of objects. That assessment will be made in due course. Whether rare or ubiquitous, these objects warrant detailed study. Here we utilize the unique capabilities of the Spitzer Space Telescope (Werner et al. 2004a ) to study the NGC 5291 system, which is known for its remarkably rich proto/young galaxy nursery.
NGC 5291 is a disturbed elliptical/lenticular galaxy located at the western edge of the cluster Abell 3574. Pedersen et al. (1978) briefly discussed deep images of the system taken with the ESO 3.6 m telescope. They highlighted the presence of many optical knots, which they suggested were extragalactic HII regions. Longmore et al. 1979 (hereafter, L79) published a much more detailed investigation. Using deep Schmidt plates with filters approximating B (∆λ 3950 -5400Å Schott GG395 filter/III-aJ emulsion) and U (∆λ 3200 -3900 A Schott UG1 filter/III-aJ emulsion) passbands they found 24 blue knots extending across an arc centered on NGC 5291 and obtained spectra of the eight brightest. They identified the knots as giant extragalactic HII regions, but noted that both the projected linear size and optical luminosity of the largest knots were greater than the Large Magellanic Cloud. Coincidentally, also obtained spectra of the brightest optical knot, which was included in an object prism survey of HII galaxies. Using the Parkes radio telescope, L79 also discovered a large HI mass (∼10 11 M ⊙ ) associated with NGC 5291 and its blue knots though slightly displaced to the west. Malphrus et al. (1997, hereafter, M97) mapped the HI 21 cm emission using the VLA. The HI morphology resembles a large fragmented ring with a continuous eastern arc stretching ∼ 4 arcmin (72 kpc) on either side of NGC 5291. The eastern half of the ring contains most of the neutral hydrogen as well as the highest HI surface densities, and is associated with both NGC 5291 and its knots of star formation. The origin of this giant HI ring is still unclear. NGC 5291 has a disturbed companion galaxy called the "Seashell", however it is unlikely that this galaxy is linked to the HI ring's formation as it is both gas poor and has a much higher radial velocity (∼600 km s −1 ) relative to NGC 5291, indicating a high fly-by velocity (L79, > 400 km s −1 , DM98). L79 discussed several models for the origin of NGC 5291. They noted that the optical morphology is similar to the Antennae (NGC 4038/39) and that there are two other galaxies (# 435 and 446 in Richter 1984) within 150 kpc projected distance from NGC 5291 that may be responsible for a tidal interaction. However M97 rule out the interplay for both galaxies. They detected Richter 435, which lies ∼ 4 ′ southwest of NGC 5291, in HI, but with a heliocentric velocity ∼ 250 kms −1 lower than the HI ring. M97 found that, like the Seashell, there is little HI associated with the second candidate galaxy Richter 446, ∼ 5 ′ northeast of NGC 5291. However, L79's preferred model for the system is that a pre-existing giant HI disc has undergone compression and possible ram pressure sweeping by the intra-cluster medium as the system falls into the cluster from the far side. L79 suggested that the knots could eventually form a population of blue dwarf irregular galaxies. The combined optical and VLA observations led M97 to revive the tidal model and they conclude that the system is probably both interacting and likely being ram-swept as it moves through the intracluster medium.
However mysterious its origin the NGC 5291 system is a remarkable galactic nursery. M97 investigated whether the knots are self-gravitating and will remain bound against the tidal force of the parent galaxy to become dwarf irregular galaxies. They compared the HI mass for each knot to the binding mass. They argued that for the two most massive HI clumps, NGC 5291 N (hereafter, TDG-N), and NGC 5291 S (hereafter, TDG-S) the combined mass of stars and gas will result in self-gravitating knots. M97 also calculated the radius at which material in a knot would be disrupted by the tidal force with the parent galaxy and compared it to the projected radius of the HI knots. The majority of the knots, including TDG-N and TDG-S, appear to be tidally stable. Using Hα Fabry-Perot observations Borunaud et al. (2004) were able to determine the rotation curve for TDG-N, clearly showing that it is self-gravitating and rotating. They concluded that higher resolution observations are required to assess the presence of dark matter.
Before the launch of the Spitzer Space Telescope, midinfrared spectroscopic studies of objects as faint as TDGs were not feasible. We have taken advantage of the unprecedented sensitivity of the Spitzer Space Telescope to obtain IRS spectra of the two optically brightest TDGs in the NGC 5291 system, TDG-N and TDG-S at the northern and southern-most tips of the high surface density HI arc. The mid-infrared region of the spectrum is rich in atomic and molecular emission features from the star forming ISM, including fine structure lines like [Ne II], polycyclic aromatic hydrocarbons (PAHs) and warm molecular hydrogen. This will allow comparisons with similar mid-infrared studies of other star forming galaxies from dwarf irregulars to massive spirals.
We have also imaged the eastern half of the HI ring, including the associated proto/young irregular galaxy population, NGC 5291 and the "Seashell", with the Infrared Array Camera (Fazio et al. 2004, IRAC) . We assess the relative contributions from both cool (evolved and low mass main sequence) stars and from star formation as traced by PAH emission in the 8.0 µm band. The resulting mid-infrared spectral energy distribution (SED) and colors will allow useful comparisons with other galaxy types.
In §2 we detail the observations and data reduction. §3 begins with the results and discussion of the the midinfrared spectral properties of TDG-N & TDG-S. We compare the stellar and non-stellar (i.e., PAH) morphology of NGC 5291, the "Seashell", and the knots next in § §3.2 − 3.4. In §3.5 we select a population of candidate TDGs by matching the IRAC SEDs to galaxy templates. We investigate the mid-infrared color-color and color-magnitude relations in §3.6. We estimate the TDG stellar masses in §3.7 and present our conclusions in §4. We adopt a luminosity distance of 62 Mpc to the NGC 5291 system. This distance is calculated using the red-shift in NED with H o = 71 kms
, and does not reflect any uncertainty in the distance due to proper motion within the group. This gives a linear scale of 1 ′′ = 0.3 kpc.
OBSERVATIONS & DATA REDUCTION
2.1. IRS Spectroscopy IRS observations were taken of both TDG-N and TDG-S. The IRS low resolution data were obtained with Short-low (IRS-SL), which operates between 5.2 and 7.7 µm (IRS-SL2) and 7.4 -14.5 µm (IRS-SL1). IRS-SL has a resolving power of 64 ≤ λ ∆λ ≤ 128. The high resolution data were obtained using Short-high (IRS-SH), which encompasses the range 9.9 -19.6 µm , and Long-high (IRS-LH), which spans 18.7 -37.2 µm. The two high resolution spectrometers have a resolving power, λ ∆λ ∼ 600. Observations were made in the IRS Staring Mode AOR with a high accuracy blue peak-up using a star from the 2MASS catalogue (Cutri et al. 2003) . The staring mode AOR integrated for half the time listed in Table 1 at each of the two nominal nod positions on each slit. The spectral data were processed as far as the un-flat-fielded two dimensional image using the standard IRS S11 pipeline. See chapter 7 of the Spitzer Observers Manual (SOM) 2 for further observing mode and pipeline details.
Both TDG-N and TDG-S have extended emission at 8 µm with respect to the IRS slits (3.6 ′′ IRS-SL, 4.7 ′′ IRS-SH and 11.1 ′′ IRS-LH). The spectra were extracted and sky subtracted using the extended source routines in the SMART analysis package (Higdon et al. 2004 ). The IRS-SH and IRS-LH date were extracted using the full aperture and the IRS-SL spectra were extracted using a column of 20 ′′ fixed width. The spectra were flat-fielded and flux-calibrated by extracting and sky subtracting unflat-fielded observations of the calibration stars HR 6348 (IRS-SL) and ksi Dra (IRS-SH, IRS-LH), and dividing these data by the corresponding template (Cohen 2003) to generate a 1-dimensional relative spectral response function (RSRF). The RSRF was then applied to the TARGET observations to produce the final spectra. The residual sky was subtracted from the IRS-SL data using the off-source observations, which are part of the Staring mode AOR. A Zodiacal light model from the Spitzer Planning Observations Tool (SPOT) was scaled to the IRS slits and subtracted from the IRS-SH and IRS-LH data. An aperture correction of 0.85 was applied to the IRS-SL spectra as the sources are extended. In addition, the IRS-LH TDG-N and TDG-S spectra were scaled by 0.30 and 0.26, respectively in order to stitch to the IRS-SH spectra. The scale factors are close to the simple geometric aperture correction for the differing IRS-SH and IRS-LH slits which is 0.215. However, these sources are not uniformly extended and the two apertures are orientated ∼ 85
• with respect to each other. ′′ . Three 3 s frames were taken in each channel using a 12 position Reuleaux dither pattern with a medium scale fac-2 http://ssc.spitzer.caltech.edu/documents/som/ tor, resulting in a total integration time of 432 s. Due to the footprint of the IRAC arrays the resulting map has a total area of 110.8 arcmin 2 with a sub-region of 59.1 arcmin 2 sampled by all 4 channels. In this paper we will only discuss the properties of sources located in this subregion. The IRAC data were processed through version S11.0.2 of the SSC-IRAC pipeline. For more observing mode and pipeline information see chapter 6 of the SOM.
The IRAC was designed to map both interstellar emission and starlight. The 3.6 & 4.5 µm bands primarily trace the stellar mass distribution, as the emission at these wavelengths is well approximated by the RayleighJeans limit of blackbody emission for both early-and late-type stars. At 8 µm the mid-IR traces dust emission, in particular the 7.7 & 8.6 µm PAH features from the interstellar medium. It is straight forward to subtract the stellar emission from the 8 µm image to produce the PAH/dust image shown in Figure 1 . The method is outlined in Pahre et al. (2004) . The 3.6 and 4. SExtractor (Bertin & Arnouts 1996) was used to generate a catalog of sources for each IRAC channel. We then selected all sources that were identified in all four channels with a positional uncertainty of ≤ 2 ′′ . SExtractor was also run on the dust image to find an additional 14 sources which were not detected in all four channels. For these sources SExtractor was re-run on the 3.6 through 8.0 µm images using the source positions determined from the 8 µm image. Table 4 12.81 µm emission lines are also apparent in this low resolution spectrum, as is a weak rotational 0-0 S(3) 9.66 µm line from molecular hydrogen. Figure 4 shows the IRS-SL spectrum of TDG-N overlaid with the IRS-SL spectrum of the reflection nebulae NGC 7023 (Werner et al. 2004b ) and the ISO-SWS spectrum of M 82's nucleus (Lutz et al. 1998 ), smoothed to the IRS-SL reso-lution. The overlay spectra are normalized to TDG-N's flux density at 7 µm. Here we are using NGC 7023 to characterize a low ionization star forming region as it is illuminated by HD 200775, a B2Ve star. M 82 is used to represent the mid-infrared spectrum of a starburst. The three spectra are remarkably similar in shape and only a detailed analysis will reveal their differing environments. To assess whether the PAHs in TDG-N and TDG-S are similar to those in M 82 we fit the continuum emission in the IRS-SL spectrum with the thermal radiation from a distribution of graphite and silicate grains and the PAHs with a series of Drude profiles. Table 2 Table 3 . No correction has been made for reddening as the optically derived extinction is low, typically, A B ≤ 1 mag. (L79, Pena, Ruiz & Maza 1991, DM98) . Geometric effects can also make any extrapolation from the optical to the infrared highly uncertain. In the following paragraphs we use the line strengths and ratios to derive physical properties of the ionized and molecular ISM in the TDGs.
Both the Ne and the S line ratios can be used to constrain the properties of the underlying starburst. The starburst sample of Thornley et al. (2000) have typical [Ne iii]/[Ne ii] ratios between 0.05 and 1.0. For example, M 82 has a neon ratio of 0.18. The exceptions to this range are the two low metallicity dwarf galaxies, NGC 5253 and II Zw 40, which both have one-fifth solar metallicity. These have neon ratios of 3.5 and 12, respectively. Lowering the metallicity produces "hotter" main sequence stars for a given mass, and the radiation is harder due to reduced line blanketing and blocking, hence the neon ratio increases. The TDG-N and TDG-S have neon ratios of 2.4 + − 0.1 and 1.4
which is consistent with their one-third solar metallicity (L79, Pena, Ruiz & Maza 1991, DM98) . Figure 10 from Thornley et al. (2000) gives an age for the most recent episode of star formation of ∼ 5 million years for these neon ratios for a galaxy with one-fifth solar metallicity and log U = − 2.3, where U is the number of ionizing photons at the surface of the nebula per hydrogen atom. This result is consistent with the starburst age derived from optical spectra by DM98. Both TDG-N and TDG-S have slightly higher metallicity, as well as fewer ionizing photons (i.e., log U = −3), as inferred from model excitation diagrams in Pena, Ruiz & Maza (1991, for TDG-S we used emission lines from DM98). Both these effects will result in a younger burst age using the figure from Thornley et al. (2000) . This is consistent with the prediction that the stars have formed in-situ and were not simply dragged from the outer regions of the parent galaxy during a tidal interaction.
The (Brandl et al. 2004) .
The [S iii] 33/18.7 µm ratio is a sensitive function of electron density in the range 300 -30,000 cm −3 . The [S iii] 33 µm line is detected in TDG-N though with low signal-to-noise. The [S iii] ratio is 0.7 + − 0.3, which implies an electron density of 600 ≤ n e ≤ 3000 cm Rubin et al. 1994 ). L79 derived a limit of < 10 3 cm −3 from their optical spectrum, which is consistent with our result derived from infrared lines.
We detect weak H 2 emission in both TDG-N & TDG-S. The 0-0 S(2) 12.28 µm and 0-0 S(1) 17.03 µm rotational emission lines have low signal-to-noise (SNR ≥ 3) in the IRS-SH spectra, but the 0-0 S(3) 9.66 µm is also visible in the IRS-SL spectra (see top of Figures 2 & 3), and all lines, except for the 0-0 (S2) line in TDG-S, are detected in the individual spectra from both nod positions, adding weight to the detection of H 2 . The average line profiles are shown in Figures 5 & 6. To derive the mass of warm molecular hydrogen we assume that the emission is optically thin. The critical densities of the low J levels are relatively low (n cr < 10 3 cm −3 ) and we assume that the populations are in LTE. Adopting an ortho to para ratio of 3 we show the excitation diagrams in Figures 7. These are simply the natural logarithm of the number of molecules divided by the statistical weight in the upper level of each transition versus the energy level. For a single component model the data lies on a straight line and the excitation temperature is the reciprocal of the fit to the slope. The mass is derived from the S (1) line luminosity and the excitation temperature. In the following equations we outline the derivation for the mass of molecular hydrogen. The energy of a given level, J, is
where k is the Boltzmann constant. The total mass is
Here M o is the mass of gas in the ortho state and
where m H2 is the molecular mass of H 2 and N T is the total number of molecules.
N J is the number of molecules for the J th state
L(J) is the line luminosity, A J is the Einstein A coefficient, ∆E J = hν J , where h is Planck's constant and ν J is the frequency of the emission line. f J is the partition function for the J th state
where T is the excitation temperature and g J is the statistical weight for a given state.
For TDG-N and TDG-S the temperature is 460 + − 75 K and 400 + − 40 K. The value is slightly higher than the average value of ∼ 350 K measured by us for a large sample of ULIRGs. Assuming the primordial helium mass fraction is ∼ 0.25 (e.g. Olive & Skillman 2004) , we derive a total mass of warm gas of (1.0 + − 0.7) and (1.5
5 M ⊙ in TDG-N and TDG-S, respectively. The 0-0 S(0) limit is consistent with this temperature, but does not rule out a colder, say 155 K component, which would imply a mass of a few 10 6 M ⊙ . In TDG-N and TDG-S the warm gas is less than 0.1 % of the cold gas mass inferred from 12 CO (1-0) observations (Braine et al. 2001) . The warm gas fraction is very small compared to the typically ∼ few percent and higher found in starbursts (Rigopolou et al. 2002) . Figure 8 shows the stunning false color image of NGC 5291. The 3.6 & 4.5 µm stellar emission is coded blue and green, respectively, and non-stellar 8µm emission is coded red. TDG-N and TDG-S stand out prominently in red. There is an excellent correspondence between the 8µm sources and the 24 near-UV bright knots discovered by L79, with all the sources in their Figure  1 , which overlap with our areal coverage, detected. Similarly, all of the emission line sources detected by L79, Maza et al. (1991) and DM98 are visible. Figure 9 shows the individual IRAC band images. The non-stellar emission in these objects almost certainly arises from strong 7.7 µm and 8.6 µm PAH features that fall within the IRAC 8.0 µm filter. It is likely that any additional TDG candidates lie within the projected Σ HI = 1 M ⊙ pc −2 contour overlaid on the dust image (Figure 1 ). The IRAC flux densities for the sources labelled in Figure 1 are listed in Table 4 . A substantial fraction exist in close groups (e.g., #49-51), while knots #36,39,41-43 are arranged along a 30 ′′ (9 kpc) arc-like distribution. The brightest PAH emitters are clearly associated with regions of higher Σ HI in Figure 1 , though, as noted by both L79 and M97, there is a tendency to avoid the actual peak. Also note that a clump of faint knots surrounded by extensive and diffuse non-stellar emission lies 80 ′′ northwest of NGC 5291. A number of sources beyond the projected 1 M ⊙ /pc 2 HI distribution also exhibit bright non-stellar emission. Because of the width of the 8.0 µm IRAC filter, knots with bright non-stellar emission but lacking an optical spectral identification that connects them with the system, may be at substantially different red-shifts and not associated with the NGC 5291 system (e.g., DM98 measured red-shifts of 0.07 and 0.2 for sources #54 & #45 in Figure 1 ). Further observations will be required to confirm their physical connection with the NGC 5291 system.
Large Scale Distribution of Non-Stellar Emission

Candidate Tidal Dwarf Galaxy Morphology
In non-stellar emission the knots range in size from essentially unresolved (D 2.5 ′′ or ∼0.8 kpc) to ∼10 ′′ (3 kpc) in extent. A number of them show interesting structure. Sources #16 and #17, for example, appear to be connected by a ribbon-like bridge in Figure 10 , while #47, 49-51 form a close group of irregularly shaped blobs. L79 noted that faint tails could be observed extending up to ∼20
′′ from several of the brighter knots. These are visible in Figure 10 for TDG-N (#26) & TDG-S (#33). TDG-S (#33) possesses the longest tail at ∼38 ′′ (11 kpc) in projection, with a noticeable brightening in its southernmost extent which curves off to the East. Several large arcs or loops can be seen in the non-stellar images (see Figures 1, 10 & 11) . Two are visible ∼20 and 40 ′′ southeast of NGC 5291's nucleus and may represent tidal arms emanating from this galaxy. The expected stellar component may be blended with the diffuse emission. Additional wispy non-stellar emission is apparent ∼ 1.3 ' south of NGC 5291 that may be a complex tail from the close pair #47 & 51. While the knots invariably have lower flux densities at 3.6 µm and 4.5 µm, the more luminous non-stellar sources are also detected in these bands. For example, the heads and tails in TDG-S (#33) and TDG-N (#26) are detected in both stellar 3.6 µm and non-stellar 8 µm emission, as can be seen in Figure 10 . However, significant differences can be seen in the stellar and non-stellar structure of knots like #47, 49, 50 -51 and # 16 & 17. The tails and disturbed morphologies may be signatures of merger events between companion knots.
3.4. NGC 5291 and The Seashell Galaxies While originally classified as an elliptical, NGC 5291 was re-classified as an S0 galaxy by L79 on the basis of weak spiral structure and a possible dust lane visible in near-ultraviolet light. Both are consistent with our assessment that the 3.6 and 4.5 µm bands are dominated by cool stars, as in normal galaxies. Figure 11 , top-left, shows a closeup of NGC 5291 and the Seashell at 3.6 µm using a logarithmic stretch, and with contours in Figure  11 , top-right. NGC 5291 has a bright compact stellar core. A slight twisting of the outer isophotes is apparent, but otherwise the stellar distribution is quite regular. The situation is very different in non-stellar emission, as shown in Figure 11 , bottom-left (also with a logarithmic stretch), where NGC 5291 is dominated by a bright and marginally resolved nuclear source (R ∼ 2 ′′ , peak F 8.0µm = 225 µJy arcsec −2 ) and an asymmetric 20 ′′ (6 kpc) diameter ring (F 8.0µm ∼ 36 µJy arcsec −2 ). The ring is highly non-uniform, with two hot-spots north and west of the nucleus and a bifurcation to the southeast. The intensity of the non-stellar emission is also noticeably weaker south and west of the nucleus. Line emission detected by DM98 at a position 8 ′′ north of NGC 5291's nucleus coincides with this ring. No line emission was detected 4
′′ south of the nucleus where Figure 11 , bottomleft, shows the non-stellar emission to be considerably weaker. From this we deduce that the ring is actively forming stars, and the non-stellar emission reflects strong PAH features. Whether it is the result of a bar induced resonance (Buta & Combes 1985) or a collision as in the Cartwheel ring galaxy (Higdon 1996) can be determined in principle by detecting expansion using high angular resolution HI observations.
The two faint arcs of non-stellar emission extending 20 ′′ south of NGC 5291's nucleus in the bottom-left panel in Figure 11 resemble tidal arms seen in other interacting galaxies. There is in addition to these a counterspray of dust projecting ∼40 ′′ (12 kpc) to the northwest from NGC 5291's nucleus. This can be easily seen in a smoothed version of the non-stellar emission (5 ′′ fwhm kernel) in the bottom-right panel of Figure 11 , where it coincides with Σ HI > 5 M ⊙ pc −2 gas in Figure 1 and gradually merges into a fainter and more diffuse non-stellar distribution. Knots of non-stellar emission are also visible in this material, though they are not as bright at 8.0 µm as the majority of the candidate TDGs. The extent of this material suggests a direct connection between NGC 5291 and the TDGs and candidates even in the absense of the HI distribution.
The Seashell displays a highly perturbed stellar morphology at 3.6 µm (Figure 11 , top-left), similar to that seen in optical light. This consists of a prominent nucleus and edge-on disk plus two structures extending above the plane, one forming an apparent ring. In non-stellar emission, only the nucleus and edge-on disk components remain, with both much fainter than NGC 5291. This is consistent with its lack of measured HI and line emission (M97; DM98). Also noteworthy is the disk galaxy #5 in Figure 1 (# 435 Richter 1984, M97) , located ∼4
′ southwest of NGC 5291. Its red color in Figure 8 indicates that it is rich in PAHs with a flocculent spiral structure. This galaxy was classified as an SA(s)c by M97. However a close inspection of the IRAC images shows evidence of a stellar bar and a dusty resonance ring. It shows no signs of either a recent tidal interaction or ram pressure stripping.
Mid-infrared Spectral Energy Distribution
We now have a detailed understanding of the midinfrared properties of both TDG-N and TDG-S, which are very similar. Their IRAC SEDs are "notched", i,e, the flux density falls from 3.6 to 4.5 µm and then steeply rises from 4.5 to 8.0 µm. This spectral shape is characteristic of star forming regions. For an example, see the average 2 -12 µm Infrared Space Observatory PHT-S spectrum from observations of forty normal galaxies, shown in Figure 3 of Lu et al. (2003) . As we are searching for additional candidate TDGs, we use the TDG-N spectrum as our template star forming galaxy. To characterize all the sources listed in Table 5 , each SED is compared to a series of template spectra, all normalized at 3.6 µm. Including TDG-N the templates are an S0 (Devriendt, Guiderdoni & Sadat, R. 1999 ) an elliptical (Silva et al. 1998 ) and the narrow line Seyfert 1, I Zw 1 from Weedman et al. (2005) as an AGN template. The 3.6 -5 µm portion of the AGN template is an extension of the continuum to the IRS 5 -38 µm spectrum. These templates encompass the observed range of IRAC SEDs and the closest match is used to classify each source in Table 4 . For TDG-N and TDG-S we measured the nearinfrared J, H and Ks flux densities using a 19.5
′′ diameter aperture on the 2MASS images (Cutri et al. 2003) . For TDG-S (# 33) we quote a 5-σ upper limit for the H-band magnitude. To match the extended wavelength coverage of these two TDGs we included the ISO-SWS spectrum of the nucleus of the starburst galaxy M 82 (Lutz et al. 1998) with additional J, H and Ks photometry from the 2MASS images matched to the ISO-SWS aperture. TDG-S shows evidence of a 1.6 µm "bump" from evolved stars, whereas the near infrared emission is flatter in TDG-N and a closer match to M 82, which is shown as a dotted line Figure 12 (dark blue line in electronic edition). The near-infrared component is likely from a combined population of evolved and low-mass main sequence stars. Figure 12 shows example matches for all our templates 3 . There are 15 objects within the ring (including TDG-N) whose SEDs are well fit by 17, 18, 19, 25, 32, 36, 39, 41, 42, 47, 49, 50) . These are our candidate TDGs. An additional 7 sources in the ring resemble the TDG-N template, but with weaker PAH emission (# 5, 13, 22, 28, 30, 43, 51) . These sources are identified as star forming regions in Table 4 . Source # 5 is the spiral galaxy SE of NGC 5291 coincident with the HI ring. Our results show that 61 % of the knots identified in the HI ring have midinfrared SEDs consistent with a young stellar population with 41 % identified as candidate TDGs. If the spectral shape of the candidate TDGs match that of TDG-N and TDG-S both at shorter and longer wavelengths, then the near-infrared will probe the evolved and low-mass main sequence stellar population and the mid-infrared will reveal a population of sources lacking a dominant cool 40 − 60 K dust component.
Three sources outside the ring (# 45, 54 & 59) are a good match to the TDG-N template. These include the two known background starburst galaxies in DM97 (# 54 & #45). Two sources (#64, 66) are a reasonable match to TDG-N. Being outside of the projected HI, these five 3 SED matches for the full sample are given at http://isc.astro.cornell.edu/~sjuh/tdg/NGC5291/ sources are listed as star forming regions. Some sources are a poor match to TDG-N but have "notched" SEDs indicating some star formation. NGC 5291's (#44) SED matches the S0 template, while the Seashell's (#35) SED is consistent with both an elliptical and S0 template. Source #20 is an elliptical galaxy. A number of sources, #14, 23, 24, 38, 52, 53, 57, 60, 65, 69 , may be elliptical galaxies or foreground stars, and #2, 9, 10, 21, 61 may be S0 galaxies or foreground stars. These are labelled E* and S* respectively, in Table 4 . Outside of the projected HI ring there are a 7 sources that may be background AGN as their SEDs can be fit with a simple power law (#3, 4, 6, 8, 12 56 73) .
The number of sources located inside and outside the projected HI ring are roughly equal, but the ring has only ∼ 40 % the areal coverage of the background. 44 % of the sources located within the ring are good matches to the TDG-N SED compared to 8 % of the sources located outside the ring. To estimate the sample contamination we assume that the three good matches to TDG-N that lie outside the HI ring are from foreground/background sources. From this number we infer that approximately two of the candidate TDGs may not be associated with the NGC 5291 system.
Color Magnitude and Color-Color Relations
In this section we look at the color-color and colormagnitude plots to see whether TDG-N, TDG-S and the thirteen candidate TDGs occupy a distinct region of color-color/magnitude space when compared to other galaxy types. In Figure 13 we plot the (2004) sample, as compared to the average value of 3.8 for the candidate TDGs. Also included in Figure 13 are the 19 BCD galaxies from the KPNO International Spectroscopic Survey (KISS), observed with IRAC by Rosenberg et al. (2005) . These sources, shown as filled circles, were selected from the KPNO International Spectroscopic Survey (KISS, Salzer et al. 2000) conducted in the NDWFS Boötes field (Jannuzi & Dey 1999), and span a wide range in metallicity (7.8 ≤ 12 + logO/H ≤ 9.1) and star formation rate (0.1 ≤ SFR ≤ 2.1 M ⊙ yr −1 ). Only one BCD (#2316) overlaps with the TDG and candidate TDG distribution. This object is noteworthy for having the highest oxygen abundance and second highest SFR (1.3 M ⊙ yr −1 ) among the BCDs. The two next closest BCDs in Figure 13 (#2328 & #2359 in Rosenberg et al. 2005 ) have the highest and third highest SFRs. Otherwise, their properties (i.e., Hα equivalent widths, metallicity) do not distinguish them from the remaining BCD sample. The TDGs and candidate TDGs all show significantly enhanced non-stellar emission, most likely due to PAHs, relative to normal spirals and even BCD galaxies.
In Figure 14 we plot the 
Stellar Masses For The Candidate TDGs
A widely used technique for determining the stellar mass distributions in disk galaxies is to multiply the measured broadband luminosity by the appropriate massto-luminosity ratio (van Albada et al. 1985) . This is generally best carried out at near-infrared wavelengths, where the effects of dust and massive stars are minimized (Kranz et al. 2001; Verheijen 2001) . Adopting this approach, we estimated the stellar masses for TDG-N & TDG-S by first calculating their luminosities in the K s -band, defined as L Ks = 4πd 2 νF ν with ν=1.4 × 10
14
Hz. Expressed in terms of the sun's K s -band luminosity (L ⊙, Ks = 5.3 × 10 25 W), this can be written as
where d is the distance in meters and F Ks is the flux density in Janskys. For TDG-N & TDG-S we found L Ks = (3.4 and 6.3) × 10 8 L ⊙, Ks , respectively. Stellar masses were obtained by multiplying these luminosities by K s -band mass-to-luminosity ratios (M * /L Ks ) calculated by Bell & de Jong (2001) for model spiral galaxies. This choice seemed appropriate given that both the metal abundances (Z ∼ 1/3 Z ⊙ ) and optical colors (B-R ∼ 0.6) of the candidate TDGs in the NGC 5291 system are similar to those found in the disks of late spiral galaxies (L79; DM98). Bell & de Jong found that their derived M * /L depended on the optical color, as was expected. However, the color dependence is minimized in the near-infrared. We also estimated stellar masses for the thirteen candidate TDGs in Table 4 showing evidence of strong PAH emission like TDG-N & TDG-S. These are the frameddiamond symbol sources in Figures 13 and 14 . Since none of these sources were detected by 2MASS at J, H, or K s , we calculated F Ks flux densities from their 3.6 µm data using the mean (K s − [3.6]) color index for TDG-N & TDG-S, which is 0.9 + − 0.5. For these sources, F Ks in the above equation was replaced with F 3.6µm × 10 −0.4×0.9 × (645./277.5), where the last factor takes into account the different zero points in the two bands. We derive a mean K s luminosity and stellar mass of 4 In a similar way, we estimated stellar masses for the nineteen BCD galaxies from Rosenberg et al. (2005) . Four of the BCDs were detected at K s as well, and their average K s − [3.6] color (1.0 + − 0.5) is similar to the mean for TDG-N & S, with a comparable spread in value. For these galaxies we either calculated L ⊙, Ks and M * directly from their K s -band flux densities, or indirectly using their 3.6 µm flux densities and mean K s − [3.6] color. For the latter fifteen objects, the largest source of uncertainty in the K s − [3.6] colors, which we take to be the observed spread among the four BCDs detected at K sband. On average, the BCDs have considerably larger stellar masses than the TDG-candidate population associated with NGC 5291, with a median M * = 6 + − 3 × 10 8 M ⊙ . TDG-N & TDG-S are close to this average value, however the other TDG-candidates have stellar masses roughly an order of magnitude smaller than the typical BCD in Rosenberg et al.'s KISS sample. These objects are detected to considerably larger distances than NGC 5291, leading to a possible Malmquist bias. However, we find a nearly identical median stellar mass for the Rosenberg et al. sample if we restrict ourselves to those BCDs within 125 Mpc, which is the distance where our faintest TDG-candidate would have been detected in all four IRAC bands at 5 σ. Of the sources in Table 4 , only TDG-N & TDG-S appear to have stellar masses expected for a typical BCD.
CONCLUSIONS
We have presented mid-infrared spectra of two tidal dwarf galaxies, TDG-N & TDG-S in the NGC 5291 system. Both are PAH rich with features at 6.2, 7.7, 8.6, 11.3 and 16.5 µm. The 5 -14 µm spectra are remarkably similar in shape to both the starburst galaxy M 82 and the reflection nebula NGC 7023. However, detailed examination reveals their differences. The relative PAH strengths are indicative of an equal mix of ionized and neutral PAHs, with groups of ∼ 100 carbon atoms, as opposed to the almost totally ionized PAHs present in the starburst galaxy M 82. The rise in flux density (F ν ) flattens off around 20 µm in both TDG-N and TDG-S and the spectra can be fit with a T ∼ 140 K dilute blackbody. This is in marked contrast with many spiral and starburst galaxies, such as M 82, whose spectra peak around 60 -100 µm due to a dominant cooler dust component with a temperature ∼ 40 K. In TDG-N the 1.6 µm bump from an evolved stellar population is absent. Both TDG-N and TDG-S are dominated by young stellar populations. Their spectra exhibit many fine structure and molecular lines allowing us to calculate the physical properties of the star forming regions. The electron density derived from the [S iii] ratio in TDG-N is 600 ≤ n e ≤ 3000 cm −3 . Both the [S iv]/[S iii] and [Ne iii]/[Ne ii] ratios are higher than typical ratios measured in starburst galaxies and closer to the values measured for BCD and Wolf-Rayet galaxies. Both metallicity and the age of a starburst effect the level of excitation. The TDGs' have one-third solar metallicity and the [Ne iii]/[Ne ii] line ratios are consistent with models that have the most recent epoch of star formation occurring less than five million years ago. This results in a moderately high excitation. The age of the starburst is consistent with models which predict that the young stars have formed in-situ and were not part of the parent galaxy.
For the first time we have the sensitivity to measure the low J rotational lines from molecular hydrogen and thereby make a direct measurement of the warm molecular mass. Assuming the gas is in LTE with an orthoto-para ratio of 3, we derive temperatures of 460 8 M ⊙ for TDG-N and TDG-S respectively. These values are comparable to similarly defined stellar masses for a sample of BCDs, though still only ∼10% of the LMC's stellar mass. Adopting a mean K s − [3.6] color of 0.9 for the remaining candidate TDGs, we used their 3.6 µm luminosities to derive stellar masses from 0.8-6.0 × 10 7 M ⊙ . The IRAC images of the HI ring show an incredibly rich nursery for star formation. Many of the candidate TDGs have a disturbed morphology possibly resulting from previous tidal encounters with fellow companions. These are new star forming systems and may be local analogues of star formation resulting from tidal interactions in the early universe.
Future work will compare this population of TDGs with our Spitzer sample of TDG systems, which includes observations of Stephan's Quintet, Arp 245 and Arp 105.
We thank the referee, John Hibbard, for his very careful reading of our manuscript and good suggestions. We thank Dr. M. Ashby for many useful conversations concerning IRAC data analysis. We thank Prof. M. Haynes for many helpful discussions and encouragement. We thank Prof. J. R. Houck for the allocation of valuable IRS guaranteed time to the TDG program. This work is based [in part] on observations made with the Spitzer Space Telescope, which is operated by the Jet Propulsion Laboratory, California Institute of Technology under NASA contract 1407. Support for this work was provided by NASA through Contract Number 1257184 issued by JPL/Caltech. This research has made use of the excellent NASA/IPAC Extragalactic Database (NED) which is operated by the Jet Propulsion Laboratory, California Institute of Technology, under contract with the National Aeronautics and Space Administration; data products from the Two Micron All Sky Survey, which is a joint project of the University of Massachusetts and the Infrared Processing and Analysis Center/California Institute of Technology, funded by the National Aeronautics and Space Administration and the National Science Foundation; the SIMBAD database; and archival data from the National Radio Astronomy Observatory, which is a facility of the National Science Foundation operated under cooperative agreement by Associated Universities, Inc. (# 33) and candidate TDGs associated with NGC 5291 showing emission at 3.6 µm (top-row) and "non-stellar" emission from PAHs (bottom row). The vertical bar represents 30 ′′ , i.e., a linear scale of 9 kpc. Fig. 11 .-IRAC images of NGC 5291 and the "Seashell" galaxy, showing (top-left) 3.6 µm emission, (top-right) 3.6 µm emission with surface brightness contours, (bottom-left) "nonstellar" emission, and (bottom-right) "non-stellar" emission after smoothing with a 5 ′′ Gaussian kernel. The images are displayed with a logarithmic stretch between 0.1 and 1.0 MJy sr −1 , and the contours are equally spaced in log-space between 0.3 and 30.0 MJy sr −1 . Fig. 12. -Example IRAC Spectral Energy Distributions (SEDs) overlaid with a series of template galaxies: TDG-N the solid line (colored pink in electronic edition), Elliptical the dot-dash line (Silva et al. 1998 , colored green in electronic edition), S0 the dotdot-dot-dash line (Devriendt, Guiderdoni & Sadat, R. 1999 , colored red in electronic edition), M 82 nuclear region the dotted line (Lutz et al 1998 , colored dark blue in electronic edition) and an I Zw 1 the dash-line (Weedman et al. 2005 , colored light blue in electronic edition). Sources with the suffix 'a' are outside the projected HI ring. TDG-N is #26, TDG-S is #33. #42 is an example of a good match to TDG-N i.e., a candidate TDG, #13 is a reasonable match to TDG-N and characterized as a star forming region, #48a is a "notched" SED indicating star formation, the Seashell (#35) matches both the elliptical and S0 templates, NGC 5291 (#44) matches the S0 template and #12a is a power-law, characteristic of an AGN. Table 4 . In particular, framed-diamonds denote the 13 candidate TDGs. Sources located within the HI ring that are a reasonable match to TDG-N, but with weaker PAH emission, are shown as double-diamonds. Sources outside the HI ring with TDG-like SEDs are shown as solid diamonds. Source identification numbers are from Table 4 . For comparison the Pahre et al. (2004) galaxy sample are shown as crosses and the Rosenberg et al. (2005) BCDs are shown as solid circles. The TDGs and candidate TDGs all show significantly enhanced non-stellar emission, most likely due to PAHs, relative to normal spirals and even BCD galaxies. 
